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 1 
Abstract 2 
Porosity is one of the key parameters of the macroscopic structure of porous media, generally 3 
defined as the ratio of the free spaces occupied (by the volume of air) within the material to 4 
the total volume of the material. Porosity is determined by measuring skeletal volume and the 5 
envelope volume. Solid displacement method is one of the inexpensive and easy methods to 6 
determine the envelope volume of a sample with an irregular shape. In this method, generaly 7 
glass beads are used as a solid due to their uniform size, compactness and fluidity properties. 8 
The smaller size of the glass beads means that they enter into the open pores which have a 9 
larger diameter than the glass beads. Although extensive research has been carried out on 10 
porosity determination using displacement method, no study exists which adequately reports 11 
micro-level observation of the sample during measurement. This study set out with the aim of 12 
assessing the accuracy of solid displacement method of bulk density measurement of dried 13 
foods by micro-level observation. Solid displacement method of porosity determination was 14 
conducted using a cylindrical vial (cylindrical plastic container) and 57 µm glass beads in 15 
order to measure the bulk density of apple slices at different moisture contents. A scanning 16 
electron microscope (SEM), a profilometer and ImageJ software were used to investigate the 17 
penetration of glass beads into the surface pores during the determination of the porosity of 18 
dried food. A helium pycnometer was used to measure the particle density of the sample. 19 
Results show that a significant number of pores were large enough to allow the glass beads to 20 
enter into the pores, thereby causing some erroneous results.  It was also found that coating 21 
the dried sample with appropriate coating material prior to measurement can resolve this 22 
problem.  23 
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1 Introduction 24 
Knowledge of pore formation in food during the drying process can be useful in 25 
predicting transport properties such as thermal conductivity, thermal diffusivity and mass 26 
diffusivity (Rahman, 2001) as well as dried food quality (Xiong et al., 1992).  Food 27 
properties, drying methods, and their conditions influence the porosity of the final dried 28 
product (Joardder et al., 2015b). Even the same type of raw materials demonstrates different 29 
pore characteristics depending upon the drying method and conditions (Sablani et al., 30 
2007;Joardder et al., 2013b). Porosity is directly dependent on initial water content, 31 
temperature, pressure, relative humidity, air velocity, electromagnetic radiation, food sample 32 
size, composition and initial microstructure and the viscoelastic properties of the biomaterial 33 
(Saravacos, 1967b;Saravacos, 1967a;Krokida et al., 1997;Guiné, 2006;Joardder et al., 2013a). 34 
Figure 1 shows the structural changes takes place in an apple sample during drying. In 35 
addition to this, it is found that porosity has a direct effect on other physical properties, such 36 
as the mass diffusion coefficient, thermal conductivity, and thermal diffusivity.  37 
 38 
 39 
Figure1. Microstructure of apple slice after drying  40 
 41 
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Due to the wide variety of porous structures and the industrial applications for food drying, 42 
many experimental methods for measuring porosity have been development, as compiled in 43 
Table 1. Porosity determination requires knowledge of the total or apparent volume, and the 44 
void volume in the material matrix; their difference is also known as the particle volume. 45 
Generally, solid food materials including vegetables and fruits can be considered as 46 
multiphase systems containing gas, liquid and solid systems. Experimental determination of 47 
density involves measuring mass, apparent volume, and true volume. Volume of the sample 48 
can be determined by various experimental methods. The preference for using one method 49 
over another depends on the expected range of pore sizes, material properties, instrument 50 
availability, sample geometry requirements, and final applications. 51 
 52 
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Table1. An overview on various porosity measuring methods 54 
 55 
No. Methods Type of Porosity measured Advantages/Disadvantages Range of 
measurement 
(nm) 
References 
1. Surface imaging Apparent porosity Does not consider warping or deformation of 
the material 
- (Madiouli et al., 2011;Martynenko, 2011) 
2. Stereoscopic 
computer vision 
Apparent porosity from shrinkage 
data 
Instantaneous porosity measurement - (Martynenko, 2006) 
3. Microscopic image 
analysis (SEM/ 
TEM) 
Pore geometry, pore size distribution Only surface pores can be investigated 0.1 nm – 100 
µm 
(von Bradke et al., 2005;Reese, 2006)  
 
4. Gas pycnometer Apparent porosity, pore size 
distribution, pore volume 
Does not change structure of sample 0.2-80 nm (Espinal, 2002;Klobes et al., 2006;Sereno et al., 
2007) 
5. Inverse size 
exclusion 
chromatography 
(ISEC) 
Pore size distribution No pore geometry can be obtained 1-400 nm (Yao and Lenhoff, 2004;Striegel et al., 2009) 
 
7. Gas sorption Pore size distribution, surface area Use gas sorption models 2–50 nm (Rouquerol et al., 1999;Keller and Staudt, 
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2005;Lowell et al., 2006)  
8. Liquid (Hg) 
intrusion 
Porosity pore size, pore diameter and 
apparent porosity 
Destructive technique 
Careful use of Mercury 
10-10000 nm (Sibilia, 1996;Ramachandran and Beaudoin, 
2001;Nagy and Vas, 2005;Klobes et al., 2006) 
9. X-ray and neutron 
scattering 
Pore size distribution, surface area Suitable for light sensitive sample 
Can measure closed pores 
Non destructive 
5-20000 nm (Feigin and Svergun, 1987;Wong, 19999) 
 
10. Thermoporometry Distribution of pore size, pore shape 
and size. 
Uses thermodynamical relationship based on 
Gibbs-Thomson equation 
Suitable for wet sample 
2-200 nm (Brun et al., 1977;Rodriguez-Reinoso et al., 
1991;Brown and Gallagher, 2003;Somasundaran, 
2006;Fathima et al., 2010) 
13. Nuclear 
magnetic resonance 
Pore size distribution, porosity 
saturation 
Porosity comes from NMR relaxation times >2 nm (Coates et al., 1999;Stapf and Han, 2006) 
 
14 Ultrasonic 
attenuation 
Total porosity Non-destructive  
 
0.1-1.0mm (Thompson and Chimenti, 1993;Sakata et al., 
2004;Karabutov et al., 2013) 
 
15 Micro-computed 
tomography 
Open and closed porosity, numbers of 
pores 
Non-destructive  
 
 (Taud et al., 2005) 
16 Capillary flow  
porometry 
Pore diameter, pore size distribution, 
specific surface distribution 
Appropriate for sample which allows only 
parallel gas flow 
13nm – 500µm (Jena and Gupta, 2001) 
  56 
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It is very difficult to measure the envelope volume of irregular shapes. In the case of dried 58 
fruits and vegetables, samples assume very irregular shapes when compared to fresh samples, 59 
due to high shrinkage during drying. Displacement technique for a sample immersed in 60 
solids, liquid or gas is an option for measuring the volume of irregular samples, as per the 61 
summary shown in Table 2. The immersion liquid is usually toluene, heptanes, mercury, 62 
water, alcohol, or tetrafluoroethylene. The majority of these liquids are toxic and these cause 63 
expansion of the sample due to absorption of it by the dried sample (Mohsenin, 1980;Zogzas 64 
et al., 1994). 65 
 66 
Table 2. Comparative summary of displacement method of bulk density determination 67 
 68 
Displaced 
media 
Sample  Remarks References 
Water Apple, calamari mantle 
meat, pear 
Mainly used for fresh samples (Lozano et al., 1980;Rahman 
et al., 1996;Sablani et al., 
2002;Guiné, 2006;Yan et al., 
2008) 
 
Toluene Potato, pear Does not interact with the 
constituents of the samples with a 
relatively lower density. Complete 
submergence of the materials in the 
liquid was ensured. 
(McMinn and Magee, 
1997;Funebo et al., 
2000;Guiné, 2006) 
  
Paraffin Apple 2% absorption of paraffin by sample (Del Valle et al., 1998)  
 
n-heptane Apple, banana, carrot  (Krokida and Maroulis, 
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and potato 2001) 
Glass bead  Amorphous sugar 
glasses 
200µm glass bead (Levi and Karel, 1995)  
Corn starch 200µm glass bead (Marousis and Saravacos, 
1990)  
Banana, pineapple,  
mango 
100µm glass bead (Yan et al., 2008)  
Celery Unknown size of glass beads (Karathanos et al., 1993) 
 69 
 70 
Bulk volume determination using water displacement has some limitations. In the case of 71 
fresh samples, they do not absorb water if the sample remains in water for a short period (less 72 
than 10s), and the researchers had not coated the sample prior to submerging it in liquid 73 
(Sattertield, 1963;Lozano et al., 1980;Rahman et al., 1996;McMinn and Magee, 1997;Funebo 74 
et al., 2000). However, water and other wetting liquids are capable of filling the voids of 75 
dried samples to some extent. In addition, water also causes rehydration and the volume then 76 
changes significantly. Therefore, water or other liquids must not be used in this method for 77 
dried plant tissue. Therefore, solid displacement method is the better option for accurate 78 
envelope density determination. Most of the previous studies used glass beads of 100-200µm 79 
as solid displaced media. Nevertheless, this kind of larger glass bead show less flow ability 80 
and compactness. Furthermore, much uncertainty still exists about counting the surface pores 81 
during the measurement of bulk volume in solid displacement method. Although extensive 82 
research has been carried out on porosity determination using displacement method, no study 83 
reported micro-level investigation of the sample during measurement. 84 
In this study, an extensive micro-level investigation was carried out during the solid 85 
displacement method to determine the accuracy of measuring apparent porosity using this 86 
method. An SEM, a profilometer and ImageJ software were used in order to investigate the 87 
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open pores during the measurement. The very simple experimental setup consisting of a 88 
plastic vial, and glass beads was used to measure the bulk density of irregular shaped dried 89 
food samples. Glass beads of 57µm diameter were used as the solid medium in this study, 90 
since smaller glass beads showed a high degree of flow ability and close packing capacity. 91 
Particle density was measured using a helium pycnometer. Correcting fluid was used to coat 92 
the dried sample as it is easily available, dries quickly and leaves a very thin layer on the 93 
sample. 94 
2 Materials and methods  95 
Sample preparation 96 
Raw Granny Smith apples were bought from a local supermarket and stored in a 97 
refrigerator at 4
0
C before the experiments in order to slow down chemical changes and 98 
respiration. The initial moisture content was found to be 84% wb as determined by Electronic 99 
Moisture Analyser (KERN MLS_A Version 3.1). After peeling, the apples were sliced by a 100 
slicer into approximately 10mm thick and 50mm diameter samples. To obtain samples of 101 
different moisture contents, samples were partially dried in an oven at 70
0
C under natural 102 
convection. Real-time mass measurements were obtained with KERN ABT 220-5DM 103 
analytical balance with ±0.0001-g sensitivity. Moisture content X (kg kg−1, wet basis) was 104 
determined using the following formula:  105 
t
w
w
m
m
X                                                     (1) 106 
Where mw and mt are the mass of water and total mass of the sample respectively.  107 
As mentioned earlier, mass of the sample m(t) was continuously recorded using KERN ABT 108 
220-5DM analytical balance, In order to prevent penetration of glass beads into the pores in 109 
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the sample surface, each of the samples was coated with conventional correction fluid before 110 
placing in the glass beads displacement analysis system. The mass of the coated material has 111 
been obtained by calculating the difference between the mass of the sample before and after 112 
coating. 113 
Particle density 114 
Particle density was determined with the gas (helium) pycnometer (Quantachrome 115 
pentatype 5200e, USA). Helium is used to measure the skeleton (particle/solid/true) density 116 
due to its small molecular size, which makes it possible to access the smallest pores of up to 117 
3.5°A. Therefore, all of the pores, even the closed intercellular pores, can be accessed, as the 118 
cell walls contain numerous pores which are larger than 3.5°A. The instrument carried out 10 119 
measuring cycles to calculate the mean value for particle density of each sample.  120 
In the same way, particle density of the glass beads and the coating material was 121 
calculated in order to gain the accurate bulk density of the sample. Density of the coating 122 
material was determined by the following equations: 123 
 124 
c
c
c
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m
  
                                                                     
(2) 
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m
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(3) 
Where sV , scV , ,cV are the solid material, solid material with coating, and coating material 125 
volume respectively. 126 
Bulk density 127 
The bulk density, ρb, was calculated from the bulk volume and the weight of the 128 
sample. Bulk volume was measured by the glass bead displacement method. As mentioned 129 
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earlier, the sample was first covered with conventional correcting fluid to fill up the surface 130 
open pores as there are many open pores that are large enough to allow the glass beads access 131 
(Lab Glass, 57µm) into the pores. The density of glass beads (glass bead packing density) 132 
was determined from the weight of glass beads required to fill the known volume vial as 133 
shown in Figure 2. The relationship of tapped density is as follows. 134 
Tapped density = mass of glass beads / tapped volume (empty vial volume) 135 
The process of determining the glass bead packing density has been repeated thrice. 136 
The effect of the number of taps of the vial on the packing density has been carefully 137 
observed, and taken into consideration in determining the glass beads’ density. Therefore, to 138 
eliminate variance, considerable endeavour was made to maintain constant glass bead 139 
density. Next, the sample was placed in the vial. The rest of the space within the vial was 140 
filled with glass beads and tapped up to the same number at which the glass bead density was 141 
measured.  The top of the vial was levelled with a plastic ruler. The bulk volume bV can be 142 
determined by the following equation: 143 
c
c
gb
gb
vcgbvb
mm
VVVVV

  
                                                                 
(4) 
where , vV  and gbV are the vial and glass bead volume respectively. 144 
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Figure 2. Envelope (bulk) volume determination of dried fruit using displacement method 146 
Porosity 147 
Porosity of dried food is determined by the ratio of particle volume and bulk volume as 148 
expressed in the following equation: 149 
b
p
V
V
1  
                                                                 
(5) 
Where, pV  and bV  are the particle volume and bulk volume of the dried food material. 150 
Finally, porosity of the apple was measured using the abovementioned porosity equation. 151 
Microstructure analysis 152 
A Scanning Electron Microscope (Quanta 200 SEM, Oregon, USA) was used in order to 153 
analyse the microstructure of both coated and uncoated apple slices. ImageJ 1.47v software 154 
was used to analyse the microstructure to achieve the pore distribution on the surface. A 155 
profilometer  (Nanovea Profiler, Irvine, CA) was used for 3D mapping of the dried foodstuff. 156 
The Nanovea 3D software is the acquisition software that allows the determination of the size 157 
of the area or line to be measured, as well as measurement of the fractal dimension. 158 
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3 Results and discussion 159 
3.1 Envelope volume validation 160 
Prior to measuring the bulk density by applying the solid displacement method, the accuracy 161 
of the method was examined by measuring three typical solid samples. The bulk volume of 162 
these samples was measured using the solid displacement method, and was compared with 163 
the bulk volume obtained from the dimension method as shown in Table 3. 164 
Table 3. Comparison of bulk volume of typical samples 165 
Sample  Volume 
Callipers 
(Vbcap) 
Pycnometer Displacement 
(Vbdis) 
Deviation 
(
bcap
bdisbcap
V
VV 
*100) 
Steel sphere 7.058 7.0542 6.977 1% 
Porous Plastic 
Cylinder 
7.968 porous 7.785 2% 
Porous Plastic Slice 0.9764 porous 0.9746 0.1% 
 166 
It is clearly apparent from Table 3 that the deviation of the bulk volume measured by solid 167 
displacement method is 0.1-2% from the bulk volume measured by geometric (callipers) 168 
method. 169 
3.2 Effect of number of taps 170 
The dense random packing of mono-sized spherical glass beads has been studied 171 
experimentally by the tapping 0-250 times of a filled vial (container). The true density of the 172 
glass bead was found to be 2.44±0.002 gm/cc. After a certain number of taps (150 taps in this 173 
case), almost constant bulk (packing) density 0.963-0.969 gm/cc was achieved. Although 174 
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large number of taps increases the measuring time, it provides a more reproducible packing 175 
density of the glass beads. Glass bead density as a function of the number of taps is shown in 176 
Fig. 3. It can be seen that glass bead density becomes almost constant after certain number of 177 
taps (150 in Figure 3). It can be concluded that a minimum number of taps are necessary 178 
(after which density does not change much) in order to reach a constant glass bead packing 179 
density.   180 
 181 
 182 
Figure 3. Relationship between packing densities of glass beads and number of taps 183 
Regression analysis of tap-glass bead density data provides the power law relationship as 184 
shown in Equation (4): 185 
8311.0005.0108107103104 253749512   bbXbXbXbXa  (4) 
  
                                                                  
where, a and b represent the glass bead bulk density and tap number respectively.  186 
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3.3 Surface porosity observation 187 
The surface pores are, generally, open pores that are shaped differently in different 188 
types of drying. 3D mapping of (2.5mm x 3mm x 6mm) dried apple provides detailed 189 
information on open pores, as shown in Fig.4. In order to gain better visualisation, 10% of the 190 
height (thickness) of the investigated portion of the sample is shown in Figure 4. The colour 191 
scale shows the height of the surface from the reference surface (mounted plate of nanovea 192 
profiler).  193 
It is clear from Figure 4 that there are many interconnected open pores existing on the 194 
dried apple sample, some of which are exposed on the surface, and which continue to some 195 
extent inside the sample. 196 
 197 
Figure 4. 3D mapping of dried apple  198 
During the displacement test, many small beads may enter into the open pores. 199 
Analysing the SEM image of the dried sample for a small area, it was found, as shown in 200 
Figure 5, that a large number of open pores were present on the surface of the dried apple.  201 
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202 
Figure 5. a) Surface pores in an apple sample (obtained by image analysis) and b) pore distribution 203 
In Figure 5a, the selected area was 9.8mm
2
, in which the open pores exposed area was 204 
found to be 4.8mm
2
, which is approximately half of the exposed surface area. In addition to 205 
this, sizes of the investigated pores were in the range of 50µm-260µm. Moreover, this 206 
distribution shows that there are many pores with even more than 50-200µm diameter (as 207 
shown in Figure 5b), which is consistent with the literature (Marousis and Saravacos, 208 
1990;Levi and Karel, 1995;Yan et al., 2008). Therefore, it can be confirmed that many glass 209 
beads may enter into the open connected pores of dried foods. This phenomenon has also 210 
been observed by using SEM after measuring bulk density using glass beads, as shown in 211 
Figure 6. It is very clear that a large numbers of glass beads penetrated into the pores due to 212 
the larger size of the pores. It can also be seen that some surface pores are large enough to 213 
accommodate multiple beads. 214 
 215 
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Figure 6. Glass bead entrance into open and connected pores of the sample 216 
Pursuing this further, there are multilayers of glass beads packed into the pores. In light of 217 
these findings, it can be assumed that there are many pores that are not only open, but also 218 
connected with other internal pores. Under these circumstances, it is obvious that surface is 219 
coated to prevent penetration of beads in the surface pores; bulk volume determined in this 220 
method would provide lower bulk volume than the actual volume. Therefore, coating of the 221 
sample is a solution to overcoming this error in bulk volume measurement. 222 
3.4  Effect of Coating on microstructure 223 
As previously disscussed, in many cellular plant tissues, the cell dimension is more 224 
than 100µm and in the case of apple, it was found to be 100-250µm. Similarly, the open 225 
pores on the surface of the dried apple were found to be 50 nm to 200µm (Joardder et al., 226 
2015a). Therefore, an uncoated sample during glass displacement allows smaller glass beads 227 
access into these larger open pores.  228 
 229 
Figure 7. Microstructure of apple slice, a.) without coating and b.) with coating 230 
The coated sample (in Figure 7b) shows that there were no micro - pores exposed on 231 
the outer surface of the sample. This coating eventually resists glass beads entering into the 232 
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pores underneath it. Following this method, the bulk volume determination would be more 233 
accurate than the measurement without coating. Finally, porosity was measured at different 234 
levels of moisture content and presented in Figure 8.  235 
 236 
Figure 8. Porosity of apple slice with moisture content 237 
It is clear from Figure 8 that the porosity of the apple slices increased as moisture content 238 
decreased. In order to assess the porosity of the sliced apple at differnt moisture contents, 239 
repeated experimental measurements were conducted. A compariosn between porosity of 240 
dried apple samples measured with and without coating the saurafes (Figure 9).  241 
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As Figure 9 shows, there is a significant difference  between the porosity of the coated 243 
and uncoated samples. Therefore, it is concluded that in order to achive accurate porosity, 244 
surface of the sample must be coated with appropriate coating material.   245 
4 Conclusion 246 
Solid displacement method is a proven effective way of measuring the bulk density of 247 
irregular shaped dried food, thereby enabling the calculation of apparent porosity. Results 248 
show that there are significant numbers of pores large enough (50-300µm diameter) to allow 249 
the glass beads to enter into the open pores. The average profile of the surface of the dried 250 
food as measured by the profilometer also agrees with the SEM results. This finding shows 251 
that large numbers of glass beads can enter into the larger pores on the surface, thereby 252 
giving erroneous results. In order to achieve accurate measurement, coating of the food 253 
sample is essential. The present results are significant in at least major two aspects. Firstly, 254 
average glass bead diameter should be chosen on the basis of the average size of the exposed 255 
open pores of the dried sample. Secondly, consistent experimental procedure must be 256 
maintained in order to ensure th e same glass bead packing density for all samples. 257 
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